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Abstract  30 

Dengue viruses (DENV) cause severe and sudden human epidemics around the world 31 

and the secreted form of dengue non-structural protein 1 (sNS1) can cause vascular 32 

leakage, a hallmark of severe disease, through the Toll-like receptor 4 pathway. Here, 33 

we reverse engineered T164S mutation in NS1, which has been associated with 34 

intraepidemic clade changes and increased disease severity in the Americas. T164S 35 

engineered mutation resulted in suppressed infective virus (TS virus) production and 36 

increased sNS1 levels in both human liver cell-line and PBMCs without affecting viral 37 

RNA replication. Nanostring-profiling of 268 inflammation-associated human genes 38 

revealed up-regulation of complement-mediated vascular leakage inducible genes. 39 

Infection of Aedes aegypti with TS virus showed significantly increased mid-gut 40 

infectivity and higher NS1 levels, while infection of AG129 mice displayed severe 41 

symptoms coupled with enhanced complement activation, tissue inflammation and 42 

slightly higher lethality. Molecular dynamics simulation revealed that the NS1 TS 43 

mutant forms stable dimers with no observed changes in cellular viral RNA levels, and 44 

hexameric sNS1 were predicted to be unstable in the absence of lipids. However, 45 
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immunoaffinity-purified sNS1 from WT and TS were found to be stable and its 46 

lipidomics profiling by mass-spectrometry analysis revealed that they carried different 47 

lipid classes. Furthermore, treatment of human PBMCs with purified sNS1 from TS 48 

showed around 2-fold higher pro-inflammatory IL6 and TNFα levels than WT. 49 

Collectively, the TS phenotype identified in clade-changing epidemics in the Americas 50 

can be recapitulated in a relatively benign DENV2 “cosmopolitan” genotype IV 51 

background where the severity correlated with enhanced sNS1 production.  52 

 53 
Key words: Dengue virus, dengue reverse genetics, viral transmission, molecular 54 
dynamics simulation, sNS1 lipidomics55 
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 56 

Introduction  57 

Dengue is a global public health concern caused by any one of four serotypes of the 58 

mosquito-borne dengue virus (DENV 1-4). Several hundred thousands of severe dengue 59 

cases occur annually where an estimated 40% of the world’s population are at risk of 60 

infection (1). Severe dengue is characterized by hypotension from vasculopathy 61 

associated plasma leakage, internal hemorrhage and organ dysfunction. Risk of severe 62 

dengue appears to be multifactorial and includes host genetic susceptibility factors as 63 

well as secondary infection with a DENV serotype heterologous to the primary 64 

infection. More recently, viral factors have also been shown to influence viral spread 65 

and disease severity in endemic populations, through the evolution of factors that 66 

effectively suppress antiviral responses of both human and vector hosts. However, the 67 

viral molecular determinants and its mechanistic contribution towards epidemiological 68 

and clinical severity remain poorly understood.   69 

In a retrospective study of the 1997 Cuban DENV2 outbreak, a single conservative 70 

amino acid substitution in the virus-encoded NS1 protein at residue 164 from a 71 

threonine (T) to a serine (S) (NS1:TS) was suggested to be responsible for the observed 72 
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enhanced clinical severity among dengue cases as the epidemic progressed (2-4). NS1, 73 

is a virus-encoded ~50kDa glycoprotein that exists in different oligomeric states. It 74 

assumes diverse roles in virus replication in the dimeric state. It is also secreted from 75 

infected cells in a hexameric state with a central lipid-filled channel (5-7). This secreted 76 

NS1 (sNS1) lipoprotein interacts directly with endothelial cells and/or TLR-4 on human 77 

myeloid-derived cells (8, 9). Moreover, sNS1 has also been shown to bind and activate 78 

the complement system (10). Collectively, the expression of sNS1 leads to a 79 

pro-inflammatory response that results in vasculopathy and plasma leakage. 80 

Consequently, the T164S NS1 mutation may be an important determinant of the 81 

DENV2 outbreak in Cuba that enabled its epidemic spread and resultant severe dengue.  82 

Herein, we combined genomic, virological, immunological and biochemical analyses to 83 

define how this T164S mutation impacted DENV replication and disease outcome. We 84 

found that NS1:TS mutation increased sNS1 production coupled with slightly reduced 85 

infectious virus production during in vitro infection of cells, ex vivo infection of human 86 

PBMCs and in vivo infection mouse models. The elevated sNS1 levels of TS virus 87 

induced higher expression of pro-inflammatory cytokines and complement pathway 88 
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genes in infected human PBMCs, as well as increased level of vector infection when fed 89 

to Aedes aegypti.  In AG129 mice, the TS mutant induced complement-mediated 90 

inflammation preceding mortality, thus establishing the substitution NS1:T164S as an 91 

important marker for disease-severity. We demonstrate for the first time that sNS1 lipid 92 

load can be varied by the single substitution and discuss its contribution to disease 93 

severity. 94 

  95 

Results  96 

Epidemiological correlation of NS1:T164S substitution in increased dengue disease 97 

severity 98 

NS1:T164S substitution was first identified in the DENV2 strains from the 1997 Cuban 99 

epidemic and suggested to be responsible for intraepidemic increase in disease severity 100 

(4). Interestingly, the same substitution was also observed independently in the DENV 101 

strains of the severe clade in the 1994 Puerto Rico epidemic (11). We sought to examine 102 

the conservation of the residue at position 164 of NS1 and the analysis of all publicly 103 

available dengue sequence data revealed that T164 was present in >98% of DENV1, 3 104 
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and 4, whereas 90.8% of DENV2 sequences contained this amino acid residue (Fig. 1A). 105 

The location of amino acid residue 164 on the 3D structure cartoon of NS1 showed that 106 

it lies adjacent to the functionally essential “greasy finger” loop (159GFGV162) (12) (Fig. 107 

1A). Based on available genome sequences in VIPR database (13), the T164S mutation 108 

is more prevalent in DENV2 (9.1%, 145/1590 genomes) compared to the other 109 

serotypes (0.4% in DENV3 (4/1020 genomes) and 0.8% in DENV4 (2/243 genomes) 110 

and none (0/1868) for DENV1 genomes). Maximum likelihood phylogenetic analysis of 111 

globally collected DENV2 sequences (>1600) showed that the NS1:TS substitution 112 

occurred exclusively within genotype III (Asian/American lineage) (Fig. 1B). The 113 

substitution was first observed in a Vietnam isolate (D2/Vietnam/1998) that falls as an 114 

immediate outlier to viruses that were introduced into the America’s (Fig. 1C). 115 

Although threonine remains as the predominant amino acid at position 164 in this clade, 116 

NS1:S164 substitution emerged on multiple occasions of severe dengue epidemics 117 

associated with DHF/DSS (14-16) in several countries, including USA, Puerto Rico, 118 

Venezuela, Cuba, Peru, and countries of the Caribbean (Fig. 1C), highlighting the 119 

possible importance of T164S in disease severity. However, the appearance of 120 
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NS1:S164 is only seen in well sampled severe epidemics of the Asian/American lineage. 121 

This suggests that NS1:S164 is not population-fixed and it may be an important marker 122 

to identify dengue with potential epidemic severity. Based on the spatial location of 123 

T164S substitution and the recent demonstration of direct impact of NS1 on dengue 124 

severity(8, 9), we investigated in detail the contribution of the T164S substitution in the 125 

context of an infectious clone of DENV2 clinical isolate from Singapore (17, 18). 126 

TS virus suppresses early virus production and secretes more NS1 without any 127 

change in genome replication compared to WT virus 128 

Since NS1:T164S is considered to be a conservative change, we first examined the 129 

impact of the change on viral RNA replication and infectivity. NS1:T164S mutation 130 

was introduced into DENV2 full length infectious clone (Fig. 2A) as previously 131 

described (18) and the in vitro transcribed (IVT) RNA was either transfected directly 132 

into BHK-21 cells for assessment of replication kinetics or into C6/36 cells to generate 133 

the viruses (DENV2 wild-type: WT and NS1 mutant virus: TS) for infection studies. 134 

BHK-21 cells transfected with TS IVT RNA showed comparable levels of viral RNA 135 

synthesis (Fig. 2B) and extracellular RNA (Fig. S1A) to the parental WT strain. 136 
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However, the infectious titer of the sequence-confirmed TS mutant was 4.5-fold lower 137 

(P = 0.0016) than WT at 24 h post-transfection (Fig. 2C left axis). Furthermore, the 138 

ratio of extracellular genome equivalent (GE) to infectious virus (pfu) was similar 139 

between WT and TS (~104GE:1pfu) in BHK-21 transfected cells (Fig. 2C right axis) 140 

and the expanded virus stocks from C6/36 cells (Fig. S1B), ruling out the possibility 141 

that the TS virus may contain more immature/defective particles.  142 

Since the liver has been implicated in human DENV infection and experimental mouse 143 

models (19-22), we next examined the infection profile of TS mutant virus expanded 144 

from C6/36 cells in HuH-7 cells at MOIs of 1 and 10, respectively. Analogous to 145 

BHK-21 transfection, the intracellular viral RNA replication of WT and TS was similar 146 

regardless of the MOI used (Fig. 2D), but the infectious titer of the TS virus was lower 147 

than WT at 24 h post-infection (MOI 1: 2.1-fold; P = 0.0246, MOI 10: 1.6-fold; P = 148 

0.1006) (Fig. 2E). The suppressed production of TS virus from HuH-7 infection also 149 

does not appear to be due to the production of immature/defective virus particles or 150 

lower infectivity of the TS virus since the GE:pfu ratio and the percentage infection 151 

shown by immunofluorescence staining were similar for WT and TS virus (Fig. S1C-D). 152 
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The intracellular NS1 (iNS1) levels after infection with WT or TS was also similar as 153 

shown by Western blotting (Fig. 2F(i)) and NS1-capture ELISA quantification (Fig. 154 

2F(ii)). However, the NS1-capture ELISA quantification of supernatant from HuH-7 155 

infected cells revealed higher level of secreted NS1 (sNS1) for TS virus compared to 156 

WT irrespective of starting MOI (MOI 1: 2.0-fold; P = 0.0292, MOI 10: 4.0-fold; P = 157 

0.0422) (Fig. 2G), suggesting that NS1 secretion is more efficient for the TS virus 158 

compared to WT. There was also no readily observable difference in plaque 159 

morphology or size between WT and TS virus (Fig. S1E). We also assessed the stability 160 

of the T to S substitution in NS1 by carrying out 10 alternate passages between C6/36 161 

and HuH-7 cells to mimic the natural DENV transmission cycle and did not find any 162 

changes after full genome Sanger sequencing. Together, our data suggest that 163 

NS1:T164S mutation impacts on the early infectious virus production and NS1 164 

secretion without affecting RNA replication similar to previous observation (23).  165 

TS virus shows increased infectivity of Aedes aegypti mosquito compared to WT 166 

Next, we examined the impact of NS1 substitution at amino acid position 164 on 167 

mosquito infectivity by TS virus and its parental WT virus strain (24-26). First, we 168 
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orally infected A. aegypti with either WT or TS virus at 3 different inoculums: 1 × 107 169 

pfu, 1 × 106 pfu and 1 × 105 pfu/ ml of blood and examined the viral load on day 9 170 

post-infection (Fig. S2A). The viremia level in the mosquitoes was determined by 171 

real-time RT-PCR across the varying infection doses tested and we found no significant 172 

difference in the percentage of infected mosquitoes with WT or TS virus (inset table of 173 

Fig. S2B).  Interestingly, mosquitoes infected with TS at lower infection doses showed 174 

~2-fold higher viral load (inoculation dose 1 × 106 pfu: P = 0.009 or 1 × 105 pfu: P = 175 

0.044) than WT-infected mosquitoes on day 9 post-infection (Fig. S2B), suggesting that 176 

the TS virus may have a replicative advantage in the mosquito under the conditions 177 

tested. Indeed, recent studies have shown that presence of sNS1 in the blood-meal 178 

containing DENV can enhance mosquito infectivity. Since the TS virus secretes higher 179 

level of sNS1, we measured its level in the supernatant after expansion in C6/36 cells 180 

and found an almost 2-fold higher level of sNS1 compared to WT virus infected 181 

supernatant (Fig. S2C). Therefore, our data support the finding that sNS1 in the 182 

blood-meal can enhance mosquito infectivity (27).  183 

We sought to further examine the replication dynamics of WT and TS viruses at the 184 
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early stage of infection using a low infection dose. A. aegypti mosquitoes were orally 185 

infected with 5 × 105 pfu/ml of WT or TS virus, and the viral replication kinetics in the 186 

midguts on day 1 and 3 post-infection were examined, since it forms the first organ that 187 

sustains virus replication following virus ingestion (24). The virus genome replication 188 

by day 3 post-infection was higher in TS-infected mosquitoes (4.8-fold increased, P = 189 

0.018) than WT-infected mosquitoes (Fig. 3A). Correspondingly, the viral load in the 190 

midgut of TS-infected mosquitoes was higher than WT-infected mosquitoes on day 1 191 

post-infection (1.9-fold, P = 0.089), and was significantly higher on day 3 post-infection 192 

(4.8-fold higher, P = 0.026) (Fig. 3B(i)). Importantly, analysis of individual midguts for 193 

infectious virus showed a higher number of TS-infected midguts (11 out of 30 midguts, 194 

36.7%) with infectious titer > 10 pfu (detection threshold) compared to WT-infected 195 

midguts (6 out of 30 midguts, 20%); although, the infectious titer was somewhat similar 196 

for both viruses (Fig. 3B(ii)). Examination of the salivary gland/carcass viral load on 197 

day 7 post-infection showed that TS mutant virus was capable of dissemination within 198 

the mosquito, with a 1.4-fold higher viral load than WT (Fig. 3C), suggesting it may 199 

translate to a slight advantage in transmission. More NS1 was expressed in the 200 
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TS-infected midguts, as demonstrated by Western blot analysis (Fig. 3D(i)) and NS1 201 

capture ELISA (Fig. 3D(ii)), which was consistent with more NS1 staining detected per 202 

midgut by immunofluorescence assay from the TS-infected mosquitoes (Fig. S2D). 203 

Furthermore, higher levels of NS1 was also detected in the salivary glands by Western 204 

blot analysis (Fig. S2E) and NS1 capture ELISA (Fig. S2F) on day 7 post-infection, 205 

implying TS virus was disseminated from the midgut virus replication focal sites 206 

following day 3 post-infection. This replicative advantage of TS mutant virus is further 207 

supported by observation of higher levels of virus-encoded NS3 (Fig. 3D(i)) and 208 

genomic RNA (Fig. 3A). Taken together, our data suggest that NS1 TS mutation could 209 

enhance the mosquito infectivity and may increase the virus transmissibility due to 210 

increased sNS1, which is also supported by a recent publication (27). 211 

Ex-vivo infection of human PBMCs with TS mutant virus induces higher sNS1 212 

production and activate genes that can lead to vascular leakage 213 

To gain some mechanistic insights on how a conservative change in NS1 that does not 214 

compromise intracellular replication can lead to increased severity, we reverted to 215 

examining the infectivity of WT and TS virus on human PBMCs in the absence (-Ab) 216 
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or presence (+Ab) of humanized 4G2 (h4G2) (28) antibody at MOI 1 and 10. The two 217 

MOIs were chosen due to their often poor direct infectivity. Notably, MOI 1 infections 218 

of WT or TS virus gave no/low infectivity in PBMCs (data not shown), hence we 219 

focused on MOI 10 infections using PBMCs from 3 independent donors. Similar to 220 

BHK-21 and HuH-7 infection with TS virus, suppressed virus production in the early 221 

phase of infection was also noted for the PBMCs infections at 24 h post-infection 222 

(–h4G2 Ab: 2.1-fold; P = 0.064, +h4G2 Ab: 3.0-fold; P = 0.037) (Fig. 4A). 223 

Quantification of viral genome copies in the supernatants (Fig. S3A(i)) and the GE:pfu 224 

ratio (Fig. S3A(ii)) showed no significant difference between WT and TS in the 225 

infection conditions tested. We next examined the sNS1 levels in the supernatants by 226 

capture ELISA and found the levels to be higher for the TS mutant virus (-h4G2 Ab: 227 

3.1-fold; P = 0.080; +h4G2 Ab: 2.0-fold; P = 0.026) (Fig. 4B) compared to supernatant 228 

from WT infection. To explore the tell-tale signs of severe dengue, the levels of 229 

pro-inflammatory cytokines IL6 and TNFα  in the supernatants (29) were first measured 230 

by ELISA. Higher levels of IL6 was observed at 24 h post-infection for the TS mutant 231 

virus infection in the presence of Ab (3.7-fold; P = 0.016) (Fig.4C). TNFα level was 232 
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also increased for the TS virus compared to WT and the effect was more prominent in 233 

the presence of Ab (2.7-fold higher than WT; P = 0.054; Fig. 4D). In the direct virus 234 

only infection (-Ab), IL6 and TNFα production were measurable for the TS mutant 235 

virus but not WT (Fig. 4C-D) even though the latter showed higher virus production 236 

(Fig. 4A).  237 

Since sNS1 levels were consistently raised in the infected cell-lines and PBMCs, and 238 

recent studies have implicated it to be a LPS-like viral toxin capable of inducing 239 

inflammation (8), we next explored if sNS1 from TS virus was responsible for the 240 

pro-inflammatory response seen in the PBMCs. We performed immune-affinity 241 

purification using supernatants of BHK-21 infected with respective viruses (~50-80% 242 

purity; Fig. S3B) and found sNS1 from TS or WT as stable hexamers by native PA-gel 243 

analysis (Fig. 4E). Incubation of PBMCs with purified sNS1 carrying the T164S 244 

substitution (NS1:TS) showed significantly higher IL6 (1µg/ml: 1.8-fold, p = 0.026; 245 

10µg/ml: 2.1-fold, p < 0.001) (Fig. 4F) and TNFα (1µg/ml: 1.9-fold, p = 0.056; 246 

10µg/ml: 2.0-fold, p = 0.034) (Fig. 4G) levels than WT sNS1 irrespective of the NS1 247 

concentration used in the stimulation experiment. Furthermore while there was a 248 
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concentration-dependent increase in the IL6 and TNFα production with increasing 249 

sNS1 of either NS1:WT or NS1:TS, the effect was more pronounced for PBMCs 250 

stimulated with NS1:TS. Taken together, the present results consistently indicate that 251 

NS1:TS mutation enhanced production of pro-inflammatory cytokines IL6 and TNFα in 252 

PBMCs infection without or with Ab, in spite of suppressed infectious virus production 253 

compared to WT virus.  254 

Next, we probed the expression of a wider spectrum of inflammatory genes using 255 

NanoString® nCounter platform (30, 31). In addition to inflammatory gene probes, the 256 

NanoString® probe pool we used also contained probes for the 5’ and 3’ ends of the 257 

DENV genome as internal control for detecting virus infection. We used this to assess 258 

the levels of infectivity and sub-genomic flaviviral RNA (sfRNA) in WT and mutant 259 

infections since previous studies have shown that these parameters can have an impact 260 

on inflammatory genes expression (11, 32, 33). We found consistently higher 261 

expression of 3’UTR to E gene (ratio of 2:1), which may be attributed to sfRNA 262 

transcripts (Fig. S3C). Analysis of sfRNA/gRNA ratio showed no difference between 263 

WT and TS infections (see inset table of Fig. S3C). Transcription of IL6 and TNFα (Fig. 264 
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S3D) genes were induced to a higher level at 6 h post-infection for TS mutant virus in 265 

the presence of Ab (IL6: 1.7-fold increased; TNFα: 1.2-fold increased), which 266 

corresponded to the higher amount of the cytokines measured by ELISA as mentioned 267 

earlier (Fig. 4C-D). 268 

Of the 268 inflammatory genes profiled using NanoString® gene counter, 35.8% (96 269 

genes) and 45.1% (121 genes) were activated during the course of DENV2 infection, 270 

with log2 (fold change vs NC) ≥ 1.50 in WT or TS-infected PBMCs in the absence or 271 

presence of Ab (Fig. S4 and 5, respectively). Notably, the most highly upregulated 272 

genes were the Type I IFN response genes (IFNα/β, IFITs, OAS, MX) and the 273 

cytokines IL1 and IL8.  These have been previously reported to be upregulated in 274 

dengue infected cells and patients (34). Further examination of the overall regulation of 275 

the inflammation-associated genes revealed that majority of the cytokines-, NFκB-, 276 

complement-, Jak-STAT-, MAPK-, TLR-related and PTG regulation-associated genes 277 

were upregulated as early as 6 h post-infection with TS mutant virus compared to WT, 278 

which was more prominent in the presence of Ab (Fig. S6 and 7, respectively). Infection 279 

with TS mutant virus significantly upregulated a subset of the genes associated with 280 
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MyD88-dependent/TLR signaling (-h4G2 Ab: 15/38; 39.5%, +h4G2 Ab: 9/38; 23.7%, 281 

Fig. 5A), cytokine/IFN-mediated signaling (-h4G2 Ab: 8/19; 42.1%, +h4G2 Ab: 4/19; 282 

21.0%, Fig. 5B) and complement signaling (-h4G2 Ab: 17/21; 81.0%, +h4G2 Ab: 8/21; 283 

38.1%, Fig. 5C) as early as 6 h post-infection. Consistent with previous reports on the 284 

role of TLRs in mediating dengue severity and vascular leakage, TLRs 2 (35) and 4 (8, 285 

9) were highly expressed in both virus only (-Ab) and Ab-mediated infection with the 286 

mutant virus, while TLR 6 (35) is upregulated in TS virus only (-Ab) infection (Fig. 287 

5A). It is intriguing that the downstream interferon-stimulated genes (ISGs) expression 288 

for TS infection appeared dampened compared to WT although the former induced 289 

higher transcription of Type I IFNs (IFNα/β) (Fig. 5B).  290 

Since NS1-induced complement activation has been implicated in disease severity (36), 291 

we further subjected the complement-associated genes to STRING and KEGG pathway 292 

analysis to provide a schematic interactome of the upregulated genes observed for TS 293 

infection (Fig. 5D). Regardless of the presence of h4G2 Ab, majority of 294 

complement-associated genes were upregulated >1 log2 (i.e. 2-fold) (indicated as red 295 

gene label in Fig. 5D) throughout the infection course of TS-infected PBMCs.  296 
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Interestingly, the interacting network of genes were found to belong to the classical 297 

complement activation pathway (Fig. 5C and D) that have been linked to severe dengue 298 

(36). Furthermore, MBL2 (complement lectin pathway) and KNG1 299 

(complement-signaling associated) were upregulated (>1.5log2) in TS virus only (-Ab) 300 

infection (Fig. 5C), suggesting a possible induction of dengue-induced pathologies such 301 

as vascular permeability even in primary infections since these two genes have been 302 

linked with disease severity (37) and vascular leakage. Taken together, it is probable 303 

that the higher level of sNS1:TS coupled to its deregulation of complement activation 304 

may cause more inflammation compared to WT. 305 

TS virus cause more severe disease in vivo in AG129 mouse 306 

Next, we probed the biological relevance from the ex vivo infection system using an 307 

established mouse model of infection (38). We infected AG129 mice with WT or TS 308 

virus and examined the viremia, sNS1, cytokine production and complement activation 309 

at various time points post-infection.  Mice were first infected with WT or TS virus 310 

under the conditions of virus only (-Ab; primary infection) or in the presence of 4G2 Ab 311 

(+Ab; ADE infection) following the schematic in Fig. 6A. Under ADE infection, TS 312 
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virus induced an overall higher level of viral RNA replication than WT from day 2 to 6 313 

post-infection (P = 0.0054) (Fig. 6B(i)) monitored by real-time PCR. The corresponding 314 

infectious titer measurement showed that peak infection occurred on day 3 315 

post-infection (data not shown) However, it is noteworthy that TS mutant virus showed 316 

significant reduced level of viral RNA (2.2-fold; P = 0.008; inset boxed up in red of Fig. 317 

6B(i)) and infectious virus (3.1-fold; P < 0.001; Fig. 6B(ii)) on day 1 post-infection 318 

despite the use of identical genome equivalent (GE) of starting inoculum for both WT 319 

and mutant virus. Further interrogation of sNS1 levels in the serum of the AG129 320 

ADE-infected mice on day 1 post-infection revealed a higher level for TS than 321 

WT-infected mice (inset boxed up in red of Fig. 6C) and the level peaked on day 4 322 

post-infection, with a 1.3-fold higher for TS virus compared to WT (Fig. 6C), reflecting 323 

the corresponding increased viral load at Day 3 (data not shown). Measurement of 324 

pro-inflammatory cytokines IL6 and TNFα (21, 39, 40) in mixed serum showed higher 325 

levels of these cytokines produced by TS mutant virus at day 1 post-infection (IL6: 326 

1.8-fold increased, P = 0.004, Fig. 6D(ii); TNFα: 3.0-fold increased compared to 327 

undetectable level for WT; Fig. 6E(ii)) despite having lower viremia than WT (inset of 328 
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Fig. 6B(i)). The peak levels of IL6 and TNFα on day 4 post-infection is 2-fold and 329 

1.4-fold higher for TS infected mice compared to WT (Fig. 6D(i) and 6E(i)). 330 

Importantly, the suppressed level of viremia and enhanced production of 331 

pro-inflammatory cytokine IL6 on day 1 post-infection by TS virus is also reflected in 332 

the primary infection (3.0-fold lower viral RNA, P < 0.001, inset of Fig. S8A; 2.1-fold 333 

increased IL6, P < 0.001, Fig. S8B(i) and (ii)). We next addressed the question if 334 

complement activation noted in the Nanostring evaluation can be recapitulated in vivo 335 

using the mouse model of infection. We measured complement C3 since it is a central 336 

player of the complement system activation and its proteolytic product C3a accumulates 337 

to high levels prior to vascular leak in DHF patients(10, 37, 41). Overall, higher levels 338 

of C3 were found in TS-infected mice serum samples under various conditions tested 339 

(-Ab: P = 0.0443, Fig. S8C; +Ab: P = 0.0113, Fig. 6F). The levels peaked at day 4 340 

post-infection, which corresponded to the peak sNS1 levels (Fig. 6C). Notably, C3 341 

serum levels from WT-infected mice remains fairly unchanged at ~2-3mg/ml during the 342 

course of primary or ADE infection, whereas TS-infected mice showed steady increase 343 

in C3 serum levels from day 1 to 4 post-infection in the virus only (3.0-fold increment 344 
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from 1.7 to 5.3mg/ml) (Fig. S8C) and Ab-mediated (2.3-fold increment from 2.5 to 345 

5.9mg/ml) infections (Fig. 6F). These suggest that the TS mutant virus induced early 346 

and higher complement system activation than WT virus.  347 

To investigate if TS mutant virus could possibly lead to more severe disease 348 

accompanied with lethality, AG129 mice were infected with 1 × 108 pfu (~5 x1012 GE) 349 

of WT or TS virus in the presence of Ab and monitored for morbidity/survival over 10 350 

days (38) as shown schematically in Fig. 7A. TS-infected mice showed earlier mortality 351 

(median survival of 4 days; 100% lethality) than WT-infected mice (median survival of 352 

5 days; 60% lethality; P = 0.0269) (Fig 7B). It should be noted that one WT-infected 353 

mouse was found dead on day 2 post-infection which is unusual for this model based on 354 

our previous reported survival trend for the same DENV2 clinical isolate lethal model 355 

(38), where mice start to die only from day 4 post-infection. Hence, the data point for 356 

this mouse was excluded from subsequent analysis. The increased moribund state of the 357 

TS-infected mice corresponded to an overall higher viremia, with 2.1-fold (P = 0.065) 358 

and 4.5-fold (P = 0.004) higher serum viral load than WT on day 3 and 4 post-infection, 359 

respectively (Fig. S8D). These higher viral loads were coupled with marginal increase 360 
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in systemic sNS1 levels measured on day 3.5 post-infection (P = 0.045; Fig. 7D). 361 

Previous mouse model studies have shown that small intestine (39, 42) and liver (21) 362 

are the major organ sites of severe pathology associated with ADE. Therefore, we 363 

examined the viral load and pro-inflammatory marker levels in the small intestine, liver 364 

and spleen on day 3.5 (85 h post-infection). TS-infected mice displayed higher viral 365 

load than WT in the small intestine (3.9-fold, P = 0.005) and liver (4.0-fold, P = 0.042) 366 

but no difference in viral load was noted in the spleen (Fig. 7C). A small increase in the 367 

pro-inflammatory biomarkers in the small intestine and liver was observed for the 368 

TS-infected mice compared to WT: 1.5-fold (P = 0.025) higher IL6 in small intestine 369 

(Fig. 7E), 3.5-fold (P = 0.004) and 1.6-fold (P = 0.034) higher TNFα in small intestine 370 

and liver respectively (Fig. 7F). Increased inflammation in these tissues corresponded to 371 

more systemic inflammation in the TS-infected mice as indicated by the serum IL6 and 372 

TNFα levels (Fig. S8E and F respectively). Importantly, complement C3 levels in the 373 

liver where it is predominantly synthesized (43) were 2.2-fold higher (P = 0.051) for 374 

TS-infected mice than WT (Fig. 7G). Collectively, the in vivo data suggest that 375 

infection with TS mutant virus cause a more severe disease accompanied with earlier 376 
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lethality and possibly complement-mediated inflammation.  377 

Discussion 378 

Mutations arising during dengue outbreaks have been implicated in enhanced epidemic 379 

severity(11), implicating a strong role for viral virulence in causing severe dengue (2, 380 

44, 45). Recently, it was demonstrated that mutations in 3’UTR that result in sfRNA (32, 381 

33) accumulation confer epidemiological fitness to the virus by suppressing the IFN 382 

response, and is associated with the more severe clade of DENV in the 1994 Puerto 383 

Rico epidemic (11). A conserved amino acid substitution from threonine to serine at 384 

position 164 (T164S) in NS1 (Fig. 1) was first proposed to be associated with disease 385 

severity of the 1997 Cuba epidemic (2, 3), and subsequently detected in several DENV2 386 

genomes derived from epidemics in the Americas (Fig. 1B and C). However, since the 387 

contribution of NS1:T164S substitution to disease severity is not well understood (4), 388 

we explore this contribution by introducing the single amino acid change using reverse 389 

genetics into the DENV2 infectious clone from a clinical isolate in Singapore (WT). We 390 

found that the TS virus: (1) decreased infectious virus production despite no or very 391 

little change in intracellular viral genome replication in BHK-21, HuH-7 and human 392 
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PBMCs; (2) displayed a higher level of infectivity by oral feeding and also an increased 393 

replication and NS1 level in mosquito midgut; (3) showed higher sNS1 levels in both in 394 

vitro and in vivo infections and also produced more pro-inflammatory cytokines; (4) 395 

induced high level of complement pathway and TLR signaling-associated genes, sNS1 396 

and pro-inflammatory cytokine IL6, which are known to be associated with vascular 397 

leakage in an ex vivo human PBMCs infection model; and (5) triggered a more systemic 398 

inflammation in AG129 mice preceding lethality that is partly mediated by complement 399 

activation. 400 

The increased sNS1 level after the mutant virus infection may appear to be the key 401 

ingredient to establish the background for events leading to the outbreaks of severe 402 

dengue epidemics. In agreement with a recent study which showed that sNS1 in 403 

infected host sera facilitates efficient infection of mosquitoes (27), our study also shows 404 

higher mosquito infectivity with TS virus that may be attributed to the elevated sNS1 405 

levels in the culture supernatant added to the blood meal. It is noteworthy that ZIKV 406 

infectivity of mosquitoes was also shown to be associated with NS1 antigenemia. 407 

Indeed, clinical isolates from the outbreak in the Americas were found to be more 408 
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infectious than a strain isolated from Cambodia (46), and when NS1 residue 188 was 409 

mutated from alanine to valine, this single substitution was sufficient to cause increased 410 

secretion of sNS1. The elegant demonstration that single amino acid substitution in NS1 411 

impacts the mosquito-host-mosquito life cycle reveals the profound consequences that 412 

changes in NS1 antigenemia can contribute to the severity of the epidemic transmission. 413 

Future studies to compare WT- and TS-infected mosquitoes’ infection of mice similar 414 

to experiments by Liu et al (27, 46) are necessary to confirm that TS virus increases 415 

transmission. Intriguingly, as shown in Fig. 1B, the NS1:T164S substitution appears to 416 

branch out only at the nodes of the phylogenetic tree, suggesting that it does not persist 417 

beyond the epidemic and humans serve as dead-end hosts. Indeed the fitness of WT to 418 

the TS mutant virus examined by the pairwise growth competition assay as described in 419 

the literature (47) revealed higher fitness for the WT virus in the course of co-infection 420 

in HuH-7 cells (data not shown) but in the context of co-infection in vivo and in the 421 

population, the fitness of the WT virus prevails. It is also noteworthy that this NS1 422 

substitution was identified from the dengue epidemics in the American population and 423 

not in others, hence the mutational pressure mediated by the host genetic background, 424 
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mosquito or man, cannot be excluded. Additionally, epistatic mutations in other NS 425 

genes over the course of the dengue epidemic could result in the loss of persistence of 426 

this NS1:T164S. However, we did not find any stable second site mutations even after 427 

ten passages between C6/36 and HuH-7 cells, suggesting that NS1:T164S substitution 428 

contributes to the early stage of viral transmission and the observed pathogenesis. 429 

Nevertheless, similar to the ZIKV virus mutation at position 188, a single conservative 430 

change in DENV2 NS1 from T164 to S164 could potentially confer a short-term 431 

advantage for transmission due to increased infectivity contributed by the increased 432 

level of sNS1.   433 

The multitude of functions carried out by NS1 protein in dengue has been recently 434 

covered by two excellent reviews (7, 48).  High levels of sNS1 are found in serum 435 

samples of acute dengue patients (49) and this high concentration has been correlated 436 

with disease severity (10, 49). The NanoString® gene expression analyses of ex-vivo 437 

human PBMCs (flavivirus naïve) in our study showed that infection with TS mutant 438 

virus resulted in higher level of gene expression in the NFκB, TLR, IFN and 439 

complement-mediated pathways with the latter being prominently upregulated 440 
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compared to infection with WT virus (Fig. 5). The pattern of gene expression also 441 

suggests that the mutant virus may cause a more severe infection compared to WT with 442 

genes such as KNG1 being expressed at a higher level during primary (virus only) 443 

infection. The role of complement system during dengue infections and its association 444 

with NS1 have been reviewed (36, 50). Recent studies have shown that NS1 could 445 

antagonize complement activation in vivo by binding to C4, C1s and C4BP (51, 52), 446 

supporting its role as an immune evasion molecule. However, in the present study, we 447 

demonstrate a steady increase in serum and liver C3 levels by ADE infection of mice 448 

with TS virus (Fig. 6F and 7G respectively), suggesting enhanced complement 449 

activation during secondary infection associated with higher level of sNS1 production 450 

and higher lethality. This correlates with clinical observations of higher levels of sNS1, 451 

C3a and C5a in the plasma of DHF patients prior to vascular leakage (10, 37, 41). The 452 

higher expression of C3 during TS virus infection may cause the over-consumption of 453 

the complement products leading to exacerbation of complement-mediated 454 

inflammation in vivo.  455 

Specific molecular event that results in the early suppression of infectious virus particle 456 
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production in the TS mutant virus infection compared to its parent WT virus remains to 457 

be elucidated. Studies in Japanese encephalitis virus from Mason et al (53) 458 

demonstrated that NS1 may somehow interfere with virus morphogenesis during the 459 

transit from ER to the trans-Golgi, suggesting direct interaction with viral E protein and 460 

sorting by unknown host factor(s) prior to secretion of sNS1/virus particle. More 461 

recently, Scaturro et al (23) carried out extensive structure-directed mutational studies 462 

coupled with biochemical and genetic studies to interrogate the role of NS1 in 463 

replication and additionally identified several mutations that resulted in no change in 464 

RNA replication in vitro but showed an impact on infectious virus production. They 465 

showed interaction between mCherry labeled NS1 and E protein and confirmed the 466 

interaction by biochemical pull-down studies. However, the study does not shed any 467 

further light on why mutations that do not alter RNA replication can lower infectious 468 

virus production, and that process remains somewhat mysterious. Since sNS1 is a 469 

hexamer and the central pore lined by the three dimers has been shown to be filled with 470 

lipids (6, 54), one additional possibility that can be suggested is that the NS1:T164S 471 

mutation may lead to altered lipid load in the central core. From the physicochemical 472 
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perspective, threonine and serine are small aliphatic amino acids that carry a polar 473 

hydroxyl group and the Cβ of threonine has an asymmetric center with only one 474 

naturally occurring isomer.  475 

We have proposed a mechanism underlying NS1:T164S substitution in dengue disease 476 

severity (Fig. 8A). The side chain at position 164 points towards the central core where 477 

the lipid load is contained (Fig. 8B) so the altered side chains could possibly result in a 478 

disequilibrium of the lipid pool required for the virion assembly when NS1 and E 479 

sojourn together during the ER to trans-Golgi transit. This competition for the lipid may 480 

explain the suppressed infectious virus production and increased sNS1 level. Some 481 

evidence to support the hypothesis put forward is explained by the atomic resolution 482 

molecular dynamics (MD) exploration of the NS1 hexamers (see Fig. S9 for a full 483 

account) and preliminary lipidomic studies of sNS1 (see Fig. 8C-D and table S3 for full 484 

account of lipid species). Both T164 and S164 NS1 dimers were found to be stable as 485 

revealed by similar RMSD (Fig. S9D), which is in agreement with our finding that the 486 

mutation does not compromise its role in viral RNA replication (Fig. 2B and D). 487 

However, there is a difference in the sNS1 hexamer stability between WT and TS. MD 488 
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simulations showed that the T164 hexamer exhibited a slightly more stable structure 489 

with a central pore for carrying the lipid load (Fig. 8B left panel and S9A for side view), 490 

formed primarily through the interactions of the hydrophobic cluster formed by W8, 491 

L13, and F160 (Fig. S9C-D). In the S164 hexamer, the loss of the six methyl groups of 492 

threonine results in the reduction in packing at the interfaces that is insufficient to 493 

maintain the symmetric hydrophobic interactions between dimers thus resulting in a 494 

predicted occluded central pore (Fig. 8B right panel and S9B and D).  However, we 495 

have shown that sNS1 from TS infection forms stable hexamers experimentally (Fig. 496 

4E). Thus, it is possible that the hydrophobic collapse may be prevented by rapid uptake 497 

of lipids from the lipid pool, which may lead to the disequilibrium that limits the virion 498 

assembly. Indeed, when we analyzed the lipid content of immunoaffinity-purified sNS1 499 

from WT and TS by mass spectrometry, we found that lipid classes such as 500 

sphingomyelins (SM) and ether phosphatidylcholines (PC-O and LPC-O) were 501 

over-represented in TS, while only the phosphatidylethanolamines (PE) were 502 

substantially reduced, especially the short chain PE (Fig. 8C-D). Although it has been 503 

previously shown that metabolism of ether lipids is functionally important for the 504 
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production of infectious virions in other types of viruses (55), the functional 505 

consequence of this change in the lipid load of NS1 remains to be fully characterized. 506 

MAP kinase regulated phospholipase activity has been shown to be essential for 507 

infectious virus production in HCV and DENV (56). Coincidentally, our NanoString® 508 

data show that MAP kinase genes are upregulated in the first 6 h post-infection in the 509 

case of the TS virus infection compared to WT. Nevertheless, the precise impact of 510 

elevated expression of genes involved in lipid mobilization in increasing the infectivity 511 

and potentially selecting specific strains in the quasi-species pool require further 512 

investigation.  513 

The strength of our study is the recapitulation of the NS1:T164S phenotype identified in 514 

the clade-changing epidemics in the Americas by reverse engineering of the mutation 515 

into the relatively mild DENV2 clinical isolate from Singapore. We have 516 

comprehensively examined the impact of the TS mutant in vitro in cell lines, ex vivo in 517 

human PBMCs and in vivo in mosquito and mice and showed that sNS1 levels was 518 

increased following TS infection. We also showed for the first time that a single amino 519 

acid change in NS1 could affect the hexamer stability and alter its lipid cargo. Although 520 



 33 

higher sNS1 levels were not reported in the Cuban patients where viruses were isolated 521 

to identify the NS1:T164S mutation, our study utilized the robustly established Type I 522 

IFN deficient mice (AG129) to demonstrate the more severe phenotype observed for the 523 

TS virus infection characterized by earlier mortality coupled with higher inflammation 524 

and complement activation. Our study also has limitations. The human relevance of the 525 

mouse model is often raised as an interpretative limitation, but there are no robustly 526 

established disease models that are readily available (22). The same mouse model will 527 

be used to examine transmissibility of WT vs TS in mosquito-mice-mosquito infection 528 

cycle (46) to establish the contribution of sNS1 and particularly probe its lipid cargo in 529 

future studies. Furthermore, the TS-induced C3 levels in mice and consequences of its 530 

blockade will be tested. Finally, extending the investigation of T164S mutation to other 531 

DENV serotypes as well as comparison of the in vivo effects of inoculating purified 532 

sNS1 from WT or TS mutants in future studies would be informative on the epidemic 533 

potential of this mutation.   534 

In summary, our results show that a single conservative mutation in DENV NS1 at 535 

position 164 increased disease severity in the human host by increasing sNS1 that can 536 
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modulate complement activation leading to enhanced inflammatory response. At the 537 

same time, it may cause increased infectivity and replication in the mosquitoes for 538 

short-term transmissibility advantage. This finding may provide new insights into the 539 

complex interplay of viral fitness and dengue pathogenesis mediated by the enigmatic 540 

dengue NS1 protein. Collectively, NS1 protein may be used as a predictor of disease 541 

severity and should be considered in the development of next generation dengue 542 

vaccines.  543 

Materials and Methods 544 

Cells lines and antibodies 545 

 BHK-21 cells (baby hamster kidney fibroblast cells, ATCC) were cultured in 546 

RPMI1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% 547 

penicillin-streptomycin (P/S) at 37°C in 5% CO2.  C6/36, an Aedes albopictus cell line 548 

(ATCC), was maintained in RPMI1640 medium with 10% FBS, 25mM HEPES and 1% 549 

P/S at 28°C in the absence of CO2. HuH-7 cells (human hepatocarcinoma cells, ATCC) 550 

were cultured in DMEM medium with 10% FBS, 4.5g/L glucose and 1% P/S at 37oC in 551 

5% CO2. 4G2 (mouse IgG2a, anti-E of all serotypes) Ab was prepared as described 552 
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previously (57). Humanized 4G2 Ab was constructed using a previously published 553 

protocol (58). 554 

Phylogenetic analysis 555 

To infer the emergence and spread of NS1:T164S mutation in DENV2, all DENV2 556 

human sequences containing the 164 position (n=1620) were subjected to maximum 557 

likelihood (ML) analysis. A BioNJ tree generated using PHYML(59) was used as a 558 

starting tree and a GTR+𝚪 nucleotide substitution model to infer the ML tree in 559 

RAxML(60). The resulting topology was optimized for topology and branch lengths in 560 

PHYML. Branch supports were estimated using 200 bootstrap replicates in RAxML. 561 

 A sample of 358 sequences of the SEAsian/American genotype that contained the 562 

majority of T164S mutations was then selected to infer a molecular clock. A simple 563 

linear regression was first conducted to scan for temporal signal using TempEst (61), 564 

confirming that all sequences in our data were suitable for molecular clock analysis. 565 

BEAST v1.8.4 (62) was used to compute a time-stamped phylogenetic tree using a 566 

GTR+I+𝚪 nucleotide substitution model, strict clock model, with a 100 million 567 

chain-length MCMC. The results were evaluated using TRACER, and a burnin of the 568 
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first 10% of the MCMC chains were removed prior to annotating the maximum clade 569 

credible tree using TreeAnnotator, and visualized using Figtree 570 

(http://tree.bio.ed.ac.uk/software/figtree/).  571 

Generation of DENV2 WT and TS mutant virus 572 

 Full length DENV2-3295 cDNA clone (GenBank accession: EU081177) used in this 573 

study has been previously described (18). Fig. 2a shows the schematics of generating 574 

the NS1:T164S mutant cDNA infectious clone. Briefly, the mutation was introduced 575 

into the subclone pWSK29 DENV2 fragment 1 using QuikChange II XL site-directed 576 

mutagenesis kit (Stratagene) with primers: forward 577 

5’-GACTATGGCTTTGGAGTATTCTCCACTAACATATGGCTGAAATTG-3’, and 578 

reverse 5’-CAATTTCAGCCATATGTTAGTGGAGAATACTCCAAAGCCATAGTC 579 

-3’, following manufacturer’s instructions. The underlined nucleotide corresponds to 580 

NS1:T164S mutation made and was confirmed by automated DNA sequencing. The 581 

genome-length DENV2 NS1:T164S cDNA clone was constructed by excising fragment 582 

1 containing the mutation with SphI and KpnI and inserted into the subclone pWSK29 583 

DENV2 fragment 2+3 that was similarly cut with the enzymes above. RNA was in vitro 584 
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transcribed from the full-length cDNA clone using T7 mMESSAGE mMACHINE kit 585 

(Ambion) and transfected into C6/36 using the previously described electroporation 586 

conditions(18). Supernatants from the transfected C6/36 cells were collected on day 7 587 

post-transfection (P0 virus) and passaged once in C6/36 to obtain the P1 virus stock for 588 

infection studies. The supernatants were stored in -80oC after filtration through a 0.2µm 589 

membrane. Virus titer was determined by standard BHK-21 plaque assay. 590 

Virus sequencing 591 

 The infectious clone-derived WT and TS mutant virus from C6/36 transfection (P1 592 

virus stock) used in this study was sequenced-confirmed for the full-length genome by 593 

Sanger sequencing using a previously described protocol(63). 594 

In vitro virus replication assay 595 

 The in vitro transcribed RNAs of WT and TS were transfected into BHK-21 cells as 596 

described previously (18, 64) to examine the replication profile of the viruses over a 597 

course of five days. Supernatants were harvested every 24 h post-transfection and 598 

subjected to plaque quantification using BHK-21 cells. Cells were washed once with 599 

PBS and lysed with Trizol (Invitrogen) for cellular viral RNA quantification. 600 
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 For infection assay, 1 × 105 HuH-7 cells were seeded on 24-well plates and infected 601 

with DENV2 WT and TS viruses at MOIs of 10 and 1. After 1 h incubation at 37oC, 602 

virus inoculums were removed and replaced with growth medium. Supernatants and 603 

Trizol lysates were collected at 24 and 48 h post-infection for plaque, NS1 capture 604 

ELISA(65), and viral RNA quantification respectively. 605 

Immunofluorescence assay 606 

 Cells on coverslips were fixed with ice-cold methanol at -20oC for 15min. Antibodies 607 

against DENV NS1 (mouse monoclonal IgG clone 56.2;(66)) and DENV NS3 (human 608 

monoclonal IgG clone 3F8;(67)) were used for detection of the respective viral antigens. 609 

Digitized images were captured using Zeiss LSM 710 upright confocal microscope 610 

(Carl Zeiss, Germany) at 64× magnification. Image processing was done with ImageJ 611 

software(68). 612 

Native sNS1 purification 613 

 BHK-21 cells (90% confluent) in T175 flasks were infected with WT and TS viruses 614 

at MOI 0.1 and incubated for 72 h at 37oC. Supernatants were collected, clarified and 615 

filtered before loading into the anti-NS1 immuno-affinity column as described 616 
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previously (66). Purified sNS1 was eluted with 0.1M glycine (pH 2.7) and neutralized 617 

with 1M Tris-HCl (pH 9.0), dialyzed overnight in cold PBS. The protein was 618 

concentrated using 10,000 MWCO concentrator (Millipore) and the concentration was 619 

determined by Braford assay. Two hundred and fifty ng of the purified proteins were 620 

subjected to 10% native PAGE electrophoresis to determine the protein quality. 621 

Ethics Statement 622 

 All animal experiments (protocol 2016/SHS/1167) were approved by the Institutional 623 

Animal Care and Use Committee at Singapore Health Services and conformed to the 624 

National Institutes of Health (NIH) guidelines and public law. The human PBMC used 625 

in this study was a gift from the principal investigator (SGV), senior colleague (JL), and 626 

senior co-author (OEE) and collected in accordance with National University of 627 

Singapore IRB approval B-12-227. 628 

PBMCs infection assay 629 

 PBMCs were isolated from two healthy donors by Ficoll-Paque (GE Healthcare) 630 

extraction method, according to manufacturer’s instructions. Immune complexes (ICs) 631 

were pre-formed by mixing 0.05µg humanized 4G2 Ab with either 1 × 106 pfu or 1 × 632 
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107 pfu DENV2 WT and TS on ice for 1 h, followed by infecting 1 × 106 PBMCs at 633 

37oC for 2.5 h. Cells were then washed once with PBS to remove excess ICs and 634 

replaced with culture medium. Supernatants were collected at 24 and 48 h post-infection, 635 

and subjected to IL6, TNFα cytokine ELISA using Ready-SET-Go! ELISA kits 636 

(eBioscience), NS1 capture ELISA(65) and standard BHK-21 plaque assay. 637 

Inflammatory genes profiling using Nanostring Technologies 638 

PBMCs (1 × 106 cells) were infected with either 1 × 107 pfu virus only or ICs of 639 

DENV2 WT and TS as described above. At 6 and 24 h post-infection, cells were 640 

washed once with PBS and lysed with RLT buffer (Qiagen). As a positive control, 641 

uninfected PBMCs were treated with 1µg/ml LPS for 3 h. Total RNA was isolated from 642 

the lysates using RNeasy Micro Kit (Qiagen) following manufacturer’s instructions. 643 

The quality and quantity of RNA extracted were assessed by Bioanalyzer (Agilent 644 

Technologies) and Quant-iT RiboGreen RNA assay kit (Life Technologies) respectively. 645 

100ng of total RNA was subjected to inflammatory genes profiling using a customized 646 

nCounter® Human Inflammation v2 codeset (NanoString Technologies) according to 647 

manufacturer’s instructions. The add-on genes in the nCounter® Human Inflammation 648 
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v2 codeset can be found in Table S1. The gene expression profile obtained from 649 

nCounter® was analyzed using nSolver 3.0 and presented as heatmap. Interaction 650 

network of differentially expressed genes between DENV2 WT and TS mutant was 651 

generated by STRING(69) and visualized on Cytoscape(70). 652 

In vivo infection 653 

 Sv/129 mice deficient in type I and II IFN receptors (AG129) purchased from B&K 654 

Universal (UK), were housed in the BSL-2 animal facility at Duke-NUS, Singapore. All 655 

animal experiments were carried out as outlined in an approved protocol (see Ethics 656 

Statement below). Eight to eleven week-old female mice were used to examine the in 657 

vivo phenotype and pathology induced by TS mutant virus infection. For the viremic 658 

model, mice were inoculated intravenously (i.v.) with 1 × 107 pfu of DENV2 WT or TS 659 

virus. Fifty µg of mouse monoclonal 4G2 Ab were administrated intraperitoneally (i.p.) 660 

into mice one day prior to infection to induce ADE infection. Blood samples were 661 

collected from day 1 to day 6 post-infection by submandibular bleeding, and serum 662 

samples were subjected to measurements of viral load by real-time RT-PCR and plaque 663 

assay, secreted NS1 levels by NS1 capture ELISA (65), and cytokine levels using 664 
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Ready-SET-Go! ELISA kits (IL6 and TNFα; eBioscience). Serum complement C3 and 665 

MBL2 levels were measured using Mouse Complement C3 and SimpleStep® MBL 666 

ELISA kits (Abcam) according to manufacturer’s instructions. 667 

 For lethal infection model, mice pre-injected with 50µg 4G2 Ab (i.p.) were inoculated 668 

i.v. with 1 × 108 pfu of DENV2 WT or TS mutant virus. Mice survival was monitored 669 

over a course of 10 days and mice were sacrificed when they appeared moribund. 670 

Serum samples collected on day 1 to 4 post-infection were subjected to viremia 671 

measurement by real-time RT-PCR. Two to three mice per group (uninfected, DENV2 672 

WT and TS) were sacrificed on day 3.5 (85 h post infection) by CO2 inhalation and 673 

perfused with PBS after blood collection from the postcaval vein. Tissues (spleen, liver 674 

and small intestine) were collected and snap-frozen in liquid nitrogen after removal of 675 

luminal content from the intestine. These tissues were homogenized in PBS and the 676 

homogenates were subjected to viral load analysis by real time RT-PCR, 677 

pro-inflammatory IL6, TNFα and C3 ELISA and NS1 capture ELISA(65). 678 

NS1 Capture ELISA 679 

 The amount of sNS1 in the cell supernatants or mouse serum and intracellular NS1 680 
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from the mosquito midgut tissues were quantitated by capture ELISA as described 681 

previously (65) with slight modifications. Briefly, 2µg/ml of NS1 Ab 62.1(65) in 0.1M 682 

NaHCO3 buffer (pH 9.6) was coated onto 96-well Maxisorp plates (Nunc) overnight at 683 

4oC. Plates were washed three times with PBS-T (0.1% (v/v) Tween 20 in PBS) and 684 

blocked with blocking buffer (PBS-FT, 1% (v/v) FBS in PBS-T) for 1 h at room 685 

temperature (RT). Samples diluted up to 1:5000 with blocking buffer were added to the 686 

wells and incubated for 1.5 h at 37oC. Plates were then washed five times with PBS-T 687 

and incubated with 56.2-HRP(65, 66) (400ng/ml) for 1.5 h at RT. The signal was 688 

developed by the addition of 3.3’,5,5’-tetramethylbenzidine (TMB) substrate (Sigma) 689 

and the reaction was stopped with 0.1M H2SO4, the absorbance at 450nm was measured 690 

using Infinite M200 microplate reader. Purified DENV2 rNS1 was used to generate the 691 

standard curve from 25ng/ml to 390pg/ml for quantitative analysis. 692 

Infection of Aedes aegypti  693 

 Laboratory adapted A. aegypti mosquitoes were housed in BSL-2 insectary facility at 694 

Duke-NUS, Singapore. Adults were fed with 10% sugar solution and larvae with a mix 695 

of fish food, yeast and liver powder. 2-5 day-old female A. aegypti were starved for 20 h 696 
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prior to oral infection via a blood meal containing a 40% volume of washed 697 

erythrocytes from SPF pig’s blood (PWG Genetics), 5% of 100mM ATP (Thermo 698 

Scientific), 5% human serum (Sigma) and 50% volume of virus in RPMI media (Gibco). 699 

Each oral infection experiment consisted 100-150 female mosquitoes. The viral titer in 700 

the blood mix was validated by plaque assay. Mosquitoes were exposed to the artificial 701 

blood meal for 1.5 h using a Hemotek membrane feeder system (Discovery Workshops) 702 

with a porcine intestine membrane. Fully engorged females were selected and 703 

maintained with free access ad libitum to a 10% sugar solution in an incubation 704 

chamber at 28oC with conditions similar for insect rearing until analysis. Surviving 705 

mosquitoes were sacrificed at the indicated time points. For infectivity study, the whole 706 

mosquitoes were homogenized in PBS and subjected to viral load measurement by 707 

real-time RT-PCR. For kinetics study, midguts and salivary glands were dissected out 708 

and homogenized in RPMI serum free medium for viral load measurement by real-time 709 

RT-PCR and plaque assay.   710 

Western blotting, intracellular NS1 determination and immunohistochemistry of 711 

midguts from A. aegypti 712 
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 Fifty midguts or salivary glands from the infected A. aegypti were dissected out and 713 

homogenized in 0.5% NP-40 lysis buffer. The homogenates were subjected to five 714 

rounds of freeze-thaw cycles to extract the proteins out of the midguts. The supernatants 715 

of the homogenates were then subjected to Western blotting analysis of NS1 (clone 716 

56.2,(66)), NS3 (clone 3F8,(67)) and β-actin as the housekeeping protein. The band 717 

intensity of NS1 was analyzed by ImageJ software(68). Intracellular NS1 levels in the 718 

midgut homogenates were measured by NS1 capture ELISA as described earlier.  719 

 For immunohistochemistry, midguts were fixed and permeabilized in 4% 720 

paraformaldehyde containing 0.2% (v/v) Triton-X-100 at 4oC overnight. Tissues were 721 

washed with PBS and incubated with anti-NS1 Ab (clone 56.2(66), 1:100) at 4oC 722 

overnight, followed by secondary Ab conjugated with Alexa-Fluor 488 (Invitrogen) for 723 

1 h at 37oC. Digitized images were captured using Zeiss LSM 710 upright confocal 724 

microscope (Carl Zeiss, Germany) at 10× magnification. Image processing was done 725 

with ImageJ software(68). 726 

RNA extraction and real-time PCR 727 

 Total RNA from cell lysates was isolated using Trizol extraction method. cDNA was 728 
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generated using Improm II reverse transcription system (Promega) according to 729 

manufacturer’s instructions, for strand-specific real-time detection(71). Viral RNA from 730 

mouse serum was extracted using QIAamp viral RNA Mini kit (Qiagen) according to 731 

manufacturer’s instructions. Real-time RT-PCR was carried out in Bio-Rad Real-time 732 

thermal cycler CFX96 by the use of SYBR green supermix or iTaq Universal SYBR 733 

green one-step kit (Bio-Rad) for cellular viral RNA or serum viral load detection 734 

respectively. PCR product of DENV2-3295 E gene or its in vitro transcribed RNA 735 

product was used to generate the standard curve for quantification of viral genome copy. 736 

The values of the intracellular viral genome numbers were normalized to actin 737 

expression and reported as genome copies per microgram RNA. The viral load in the 738 

mouse serum was reported as genome copies per ml. Primers for strand-specific reverse 739 

transcription and real-time RT-PCR were described elsewhere(18). 740 

 For viral load measurement of the mosquitoes, RNA was extracted from the 741 

homogenates using E.Z.N.A Total RNA kit (Omega Biotek) according to 742 

manufacturer’s instructions. The total RNA was subjected to real-time RT-PCR by the 743 

use of SuperScript III Platinium one-step qRT-PCR kit (Invitrogen) and the viral load 744 
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was reported as genome copies per mosquito/midgut. Primers, probes and PCR cycling 745 

conditions were described elsewhere(72). 746 

The methods and analysis of in silico NS1 simulation and liquid chromatography 747 

mass-spectrometry can be found in the supplementary materials. 748 

Statistical analysis 749 

 Significant differences between data groups were determined by 2-tailed Student t test 750 

analysis in GraphPad Prism software. For mosquito studies, significant differences 751 

between groups were determined by non-parametric Mann-Whitney test in GraphPad 752 

Prism software. Two-way ANOVA with Bonferroni correction was performed to 753 

determine significant differences between groups for kinetics data on mouse viremia 754 

and serum C3 levels. A P value less than 0.05 was considered significant.  755 
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Figures and legends 1087 

 1088 

Fig. 1: Conservation, spatial location and phylogenetic distribution of DENV NS1 1089 

residue 164. 1090 

(A)  The organization of DENV genome showing structural (C: capsid, prM: 1091 



 61 

pre-membrane, E- envelope) and non-structural (NS1 to NS5) genes flank by 5’ and 1092 

3’UTR. Sequence alignment of the connector subdomain (residues 150-180) of DENV 1093 

strains (GenBank Accession No. EU081230.1, EU081177.1, EU081190.1 and 1094 

GQ398256.1). showing the percentage conservation of T164 (right) across DENV 1095 

estimated using all publicly available DENV1 (n=1868), DENV2 (n=1590), DENV3 1096 

(n=1020) and DENV4 (n=243) NS1 sequences (ViPR database(13)). 3D structure of 1097 

DENV NS1 dimer (PDB 4O6B(12)) showing one monomer in colored scheme (β-roll: 1098 

yellow; β-ladder: purple; wing domain: blue) and the other in grey. The “greasy finger” 1099 

loop (residues 159-162, circled in red) is modelled in using WNV NS1 dimer (PDB 1100 

4O6D). Spatial position of T164 (red ball and stick) is in close proximity to the greasy 1101 

finger loop (2 residues away) and ER membrane. (B) Evolutionary relationship of 1102 

DENV2 strains showing T164S substitution distributed exclusively within the 1103 

American clade of genotype III. (C) Bayesian molecular clock showing the 1104 

spatio-temporal distribution of 164S mutation within the SE Asian/American Genotype 1105 

III clade. 1106 

1107 



 62 

 1107 

 1108 

Fig. 2: Characterization of NS1:T164S substitution in DENV2 infectious clone.  1109 

(A) Schematic of DENV2 3295 (GenBank accession: EU081177.1) infectious clone 1110 
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showing standard genetic manipulations for introduction of NS1:T164S substitution 1111 

(yellow asterisks). (B) Intracellular RNA replication at indicated timepoints was 1112 

quantitated by real-time RT-PCR following electroporation of BHK-21 cells with WT 1113 

or TS infectious RNA. Grey dotted line represents the detection level of 1114 

mock-transfected control. (C) Virus titer in the supernatants at 24 h post-transfection of 1115 

WT or TS determined by plaque assay (left-axis) and its corresponding GE:pfu ratio 1116 

(right-axis). (D) Genome replication of WT or TS at MOI 1 or 10 infection of HuH-7 1117 

cells at indicated timepoints by real-time RT-PCR. (E) Supernatants harvested at 24 h 1118 

post-infection as in (D) were subjected to plaque quantification. (F)(i) Non-reducing 1119 

SDS PAGE and (ii) iNS1 quantification by NS1 Capture ELISAof cell lysates from (D). 1120 

(G) sNS1 levels in the supernatants from (D) measured by NS1-capture ELISA. Two 1121 

independent experiments were conducted and the graphs show the average results with 1122 

standard deviations. Mean values between WT and mutant are compared by unpaired 1123 

Student t-test and P < 0.05 was considered significant (*, P < 0.05; **, P < 0.01). 1124 

1125 
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 1125 

 1126 

 1127 

Fig. 3: Replication kinetics of DENV2 WT and TS in Aedes aegypti.  1128 

A. aegypti was infected with 5 × 105 pfu/ml of WT or TS virus to detect midgut viral 1129 

load compared to carcass. (A) Average whole mosquito viral load profile with standard 1130 

deviations obtained from summation of midgut+carcass viral loads (n=30). (B)(i) 1131 

Scatter-plot showing the viral load of individual midguts from (A) quantitated by 1132 

real-time RT-PCR. (ii) Average infectious titer of midgut homogenates from day3 1133 

post-infection based on number of midgut homogenates with virus titer>10pfu. Mean 1134 
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values of mosquito/tissue viral load between groups were compared by Mann-Whitney 1135 

test. (C) Scatter plot showing the viral load of individual salivary glands/carcass on 1136 

day7 post-infection from (A) by real-time RT-PCR. (D)(i) Western blot analysis of NS1 1137 

and NS3 from 50 midgut homogenates. The band intensity of NS1 was normalized to 1138 

that of β-actin using ImageJ(68). (ii) iNS1 in the homogenates quantitated by 1139 

NS1-capture ELISA. Mean values between groups were compared by unpaired Student 1140 

t-test. Data was obtained from 2-3 independent experiments and P < 0.05 was 1141 

considered significant (*, P < 0.05; **, P < 0.01). 1142 

1143 
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 1143 

 1144 

Fig. 4: Infection of WT or TS mutant virus in the absence or presence of 1145 

humanized 4G2 (h4G2) Ab in ex vivo human PBMCs. 1146 

PBMCs (n=3 donors) were infected with 107 pfu (MOI=10) of WT or TS virus alone or 1147 

immune complexes containing same virus inoculums complexed with 0.05µg h4G2(28). 1148 

Supernatants were collected at 24 h post-infection and subjected to (A) infectious titer 1149 

quantification by plaque assay (B) sNS1 (C) IL6 and (D) TNFα levels measurements by 1150 
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ELISA. (E) Native PAGE Western blot of the BHK-21 purified sNS1 of WT and TS 1151 

showing the NS1 hexameric form. (F) IL6 and (G) TNFα levels measured in the 1152 

supernatants of PBMCs incubated with 1µg/ml or 10µg/ml purified sNS1:WT and 1153 

sNS1:TS for 24 h. Experiment was conducted with 3 independent PBMCs donors and 1154 

results were presented as scatter plots with mean indicated or bar graphs showing 1155 

average with standard deviations. Mean values between groups were compared by 1156 

unpaired Student t-test and P < 0.05 was considered significant (*, P < 0.05; ***, P < 1157 

0.001). 1158 

1159 
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 1159 

 1160 

Fig. 5: Heatmaps showing expression of inflammation-associated genes mediated 1161 

by TS mutant virus compared to WT in ex vivo PBMCs infection. 1162 
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PBMCs were infected with either 107 pfu WT and TS mutant virus alone or immune 1163 

complexes containing same virus inoculums with 0.05µg h4G2(28). Total RNA 1164 

extracted at 6 and 24 h post-infection was subjected to gene expression analysis using 1165 

nCounter® Human Inflammation v2 panel (NanoString Technologies) including custom 1166 

probes (see Table S1). Gene counts are normalized to the panel’s internal housekeeping 1167 

genes. Normalized gene counts of the TS mutant virus are then expressed as log2 (fold 1168 

change) with respect to WT. Gene clusters of the heatmaps presented are based on 1169 

KEGG/GO Biological Processes analysis. (A) Heatmap of MyD88 dependent/TLR 1170 

signaling pathway genes; (B) Heatmap of cytokine/IFN-mediated signaling pathway 1171 

genes.  (C) Heatmap of complement cascade genes. (D) STRING(69) analysis showing 1172 

interaction network of the complement cascade genes in the NanoString Panel® 1173 

generated by Cytoscape(70). Genes encoded in red are those that are highly upregulated 1174 

(log2 fold change ≥ 1.5) by the TS mutant virus as shown in (C). Data presented is from 1175 

two independent experiments. 1176 

1177 
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 1177 

 1178 

 1179 

Fig. 6 Non-lethal infection of AG129 mice with WT or TS viruses.  1180 

(A) Schematic of AG129 non-lethal infection with WT or TS under ADE condition. 1181 

Mice (n=6/group) were i.p. inoculated with 50µg 4G2 one-day prior i.v infection with 1182 

107 pfu (~5 × 1011 GE). . Virus replication and biomarkers were monitored. (B)(i) 1183 

Overall kinetics of viremia measured from mixed serum of groups by PCR. Inset boxed 1184 

up in red shows the average viremia on day1 of individual mice. (ii) Average infectious 1185 
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titer on day 1 measured from mixed serum by plaque assay. (C) sNS1 profile measured 1186 

from mixed serum by NS1 capture ELISA and the red-boxed inset shows the average 1187 

NS1 secretion on day 1. Profiles of (D)(i) IL6 (E) TNFα and (F) complement C3 were 1188 

measured from mixed serum by ELISA. Also average of individual measurements of 1189 

IL6 (D(ii)) and TNFα (E(ii)) levels on day1 is shown. Differences in viremia kinetics 1190 

(B(i)) and serum C3 levels (F) between groups were compared by 2-way ANOVA with 1191 

Bonferroni correction. Two independent experiments were compared by unpaired 1192 

Student t-test or otherwise stated and P < 0.05 was considered significant (*, P < 0.05; 1193 

**, P < 0.01; ***, P < 0.001). 1194 

1195 
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 1195 

 1196 

Fig. 7: Lethal ADE infection of AG129 mice with WT and TS viruses 1197 

(A) Schematic of AG129 lethal ADE infection with WT and TS viruses using 108 pfu (~ 1198 

5 × 1012 GE) i.v inoculation with Ab (n=5/6/group). Mice survival was monitored over 1199 

10 days (38). 2-3 mice were independently infected as mentioned and sacrificed at ~85 1200 

h post-infection for examination of tissue viral load and pathological biomarkers. (B) 1201 

Survival plots [log rank (Mantel-Cox) test] of WT and TS-infected mice. (C) Tissues 1202 

(S.int: Small intestine; Liv: liver; Spl: spleen) viral load measured by real-time PCR. 1203 
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The viral RNA expression is normalized to actin expression. (D) Average serum sNS1 1204 

levels measured from individual mouse at 85 h post-infection by NS1 capture ELISA. 1205 

Supernatants of tissue homogenates were subjected to (E) IL6 (F) TNFα and (G) 1206 

complement C3 measurements by ELISA. All data points shown as scatter plots with 1207 

median indicated. Two independent experiments were compared by unpaired Student 1208 

t-test and P < 0.05 was considered significant (*, P < 0.05; **, P < 0.01). 1209 

1210 
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 1210 

 1211 

 1212 

Fig. 8: Proposed mechanism of severity of NS1:T164S substitution.  1213 
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(A) Proposed mechanistic model of NS1:T164S substitution in dengue disease severity. 1214 

1.NS1 dimer of TS virus does not affect the vRNA replication rate and localization 1215 

within the RC in the vesicle packets (VP) compared to WT. 2.Co-existence of NS1:TS 1216 

hexamer (sNS1) with the newly forming virions may result in competition for lipids 1217 

required for the two processes of virus morphogenesis and NS1 secretion in the same 1218 

microenvironment due to the altered side chain of Ser residue compared to Thr (WT). 1219 

3.Consequently, limiting infectious virion production in the early stage of infection and 1220 

increasing sNS1 production.  4.The elevated sNS1 of TS virus can lead to exacerbation 1221 

of complement activation(36) and TLRs-mediated disease severity(8, 9, 35). 5.Higher 1222 

sNS1 levels in the blood-meal can enhance the midgut infectivity of the mosquito(27) 1223 

acquiring the TS virus for virus dissemination. (B) Final snap-shot simulations of 1224 

hexamer NS1:WT (left) and NS1:TS (right) in a lipid-free system with residue 164 1225 

labeled. (C) Relative abundance of major lipid classes (DG: diacylglycerols, PI: 1226 

phosphatidylinositols, PE: phosphatidylethanolamines, PC: phosphatidylcholines, CE: 1227 

cholesterol esters, LPC-O: ether lysophosphatidylcholines, PC-O: ether 1228 

phosphatidylcholines, SM: sphingomyelins) extracted from immunoaffinity-purified 1229 
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sNS1, WT and TS, determined by LC-MSMS. Abundance of PE is significantly 1230 

different between WT and TS (boxed up in blue). (D) Zoom in detailed relative 1231 

abundance of PE subclasses (short chain versus long chain) of NS1:WT and NS1:TS.  1232 

 1233 


